Aflatoxins are toxic and carcinogenic secondary metabolites commonly found in important food sources such as corn and peanuts (6) . Because of health concerns for both farm animals and humans, the levels of aflatoxins in commodities are regulated. Restrictions on the transport and sale of contaminated food sources result in losses of millions of dollars each year to the agriculture and food industries.
Aflatoxins are produced by the filamentous fungi Aspergillus flavus and Aspergillus parasiticus. The metabolic pathway for aflatoxin biosynthesis has been determined, but little is known about its regulation (2, 7) . To better understand the regulation of aflatoxin biosynthesis, several laboratories are currently isolating regulatory and pathway genes. The experimental methods for isolating these genes are typical of the approaches being used with other fungal systems. One approach is to isolate specific pathway enzymes and use these enzymes to isolate the corresponding genes by reverse genetic methods. This approach has been difficult because the enzymes for afiatoxin biosynthesis are present in small quantities in fungal cultures and are unstable upon isolation (7) . Despite these difficulties, one of these pathway enzymes, sterigmatocystin O-methyltransferase, was used by the method of reverse genetics to isolate the corresponding omtl gene from A. parasiticus (27) .
A second approach for isolating genes is to complement the mutations that block aflatoxin biosynthesis. Transformation systems have been developed for both A. flavus and A.
parasiticus (23, 25) . These systems are being used to transform mutants blocked in aflatoxin biosynthesis with cosmid genomic DNA libraries constructed from aflatoxin-producing strains.
By using this approach, the nor-i and ver-1 genes were isolated * (5, 21) and the afl-2 gene was isolated from A. flavus (17) .
In the present study we used a third approach, differential screening of cDNA libraries, to identify genes involved in aflatoxin biosynthesis. This approach assumes that genes involved in aflatoxin biosynthesis are actively transcribed when conditions favor aflatoxin production; these genes are either not transcribed or are transcribed in much lower amounts when conditions are not favorable. Differential screening of cDNA libraries was successfully used to identify several cDNA clones from A. parasiticus that correlated with gene expression during aflatoxin biosynthesis (8) . To date, however, no functions have been ascribed to the genes coding for the corresponding transcripts. In this article, we report the isolation of a cDNA corresponding to a gene that is expressed during aflatoxin biosynthesis in A. flavus. We show by transcript accumulation and promoter analysis that this gene is expressed during aflatoxin biosynthesis. We also discuss the possible function of this gene, which is similar to the A. nidulans alcohol dehydrogenase (ADH) gene, during aflatoxin biosynthesis.
MATERIALS AND METHODS
Fungal strains and culture methods. A. flavus NRRL 3357 (wild type) was obtained from the National Center for Agricultural Utilization Research in Peoria, Ill. Strain WW-1 (w lys leu pyr) was obtained from a parasexual crossing between strains 650-33 (t leu pyr afl-2) and 827 (w lys nor) (25) . Fungi were grown on potato dextrose agar (PDA; Difco Laboratories, Detroit, Mich.) for the production of conidia. When required, leucine, lysine, or uracil (10 mM) was added to the medium.
For time course studies, cultures were grown by a modified version (17) of the culture replacement procedure described by Buchannan (4 thoroughly, collected, and rinsed again with KCl. The mycelia were divided into equal portions and transferred to peptone mineral salts (PMS) medium (4). The flasks were incubated for 24 h at 28°C on a rotary shaker (150 rpm). Mycelial mats were collected and rinsed with 85% KCl, divided into 2.5-g aliquots, and transferred to either synthetic low salts (SLS) medium (4) for induction of aflatoxin or to fresh PMS medium, which does not support the production of high levels of aflatoxin. Flasks were incubated at 28°C on a rotary shaker (100 rpm). At various time intervals, mycelial mats were collected by vacuum filtration, immediately frozen with liquid nitrogen, lyophilized, and stored at -80°C. These mats were subsequently used for dry weight determination and RNA isolation and analysis. The culture filtrates from corresponding flasks were analyzed for aflatoxin as previously described (25) .
Isolation and analysis of RNA and DNA. Total RNA was extracted from lyophilized mycelia of A. flavus 3357 by the procedure of Williamson et al. (24) . Poly(A)+ RNA was isolated by oligo(dT)-cellulose chromatography (14) . For Northern (RNA) hybridization analysis, 10 ,ug of total RNA was electrophoresed through a 1.0% agarose gel containing 1.5% formaldehyde, transferred to a nitrocellulose membrane, and hybridized with 32P-labeled DNA probes. Fungal genomic DNA isolations and Southern hybridization analyses were done by previously described methods (25) . Double-stranded sequencing was performed on both DNA strands by the dideoxy-chain termination method (18 adhl promoter analysis. To construct a reporter gene system to measure promoter activity, the ,-glucuronidase (GUS) gene (uidA) from Escherichia coli was excised from pBI101.2 (10) and cloned with the pBI101.2 polylinker into pUC19. A polyadenylation signal sequence was obtained from the benA gene of A. nidulans by PCR amplification of the sequence on plasmid pBA33 (15) . The amplified fragment was subsequently cloned 3' to the uidA gene, and the resulting plasmid was named GAP4 (Fig. 1) . A genomic clone containing the adhl gene was isolated from a cosmid library (17) by using the adhl cDNA as a hybridization probe. The adhl promoter, a region 733 nucleotides 5' to the predicted translational start site of the adhl gene, was amplified by PCR with primers that generated a PstI restriction site at the 3' end of the fragment and a HindlIl site at the 5' end. The resulting PCR fragment was cloned 5' to the GUS reporter gene in plasmid GAP4. The resulting gene fusion construct (GAP5) was cotransformed into protoplasts of A. flavus WW-1 with pAF-1, a plasmid containing thepyr4 gene from Neurospora crassa (17, 25) . From the resulting transformants, promoter activity was determined 40 SLS $ 30- by measuring GUS levels in protein extracts from transformants grown in SLS or PMS medium for 3 days (26 (19) . Nucleotide sequence accession numbers. The GenBank number for the sequence listed in Fig. 4 is L27434. The GenBank number for the sequence listed in Fig. 7 is L27433.
RESULTS
Effects of media on aflatoxin production. Induction of aflatoxin biosynthesis was achieved by a modified version of the medium replacement procedure of Buchanan et al. (4) . The fungus was grown initially in medium (PMS) that supports growth, but not aflatoxin biosynthesis. After 3 days, the medium was replaced either with fresh PMS medium or with a medium (SLS) conducive to aflatoxin production. A comparative analysis of aflatoxin production on the two replacement media was previously published (17) . Those data are shown in Fig. 2 . Aflatoxin was detected 8 h after transfer of the fungal mats to SLS medium and rapidly accumulated between 16 and 32 h; after 32 h, aflatoxin in the cultures decreased. The timing and pattern of aflatoxin production in the SLS medium were consistent among repeated experiments. In contrast to the accumulation of aflatoxin in SLS medium, only low levels of 3CGGTCCGCTCATCTACAAGCAGATTCCCGTTCCTAAACCAGG 100 MPLVGGHEGAGVVVARGDLVTEFEI--GDHAGLKWLNGSCLACEFCKQADEPLCPNASLS M**V*****A*I**AK*EL*HEFEI--**Q**I*******GE**F*RQSDDPL*AR*Q-* M**I*****P*V**AK*EL*KDEDFKI**R**I*******LS**M*MQADEPL*PH*S** L**V*****A*V**GM*EN*KGWKI--**Y**I*******MA**Y*ELGNESN*PH*D** Ss z C C HJ I I I GYTVDGTFQQYAIGKATHASKLPKNVPLDAVAPVLCAGITVYKGLKESGVRPGQTVAIVG ***V**T****ALGK*SH*SKI*AGVPVDAA**V*********G**EAGVRP*QT***V* ***V**T****TIGK*AL*SKI*DNVPLDAA**I*********G**ESGARP*QT***V* ***H**S****ATAD*VQ*AHI*QGTDLAQV**I*********A**SANLMA*HW***S* aflatoxin were detected in the cultures grown in PMS medium. In these cultures aflatoxin was detected at 12 h and its concentration slowly increased for up to 48 h.
Isolation and analysis of adhi cDNA. As a strategy to isolate cDNAs corresponding to genes induced during aflatoxin biosynthesis, the culture replacement technique described above was used to obtain cultures for RNA isolation. RNA isolated from A. flavus cultures, resuspended in SLS medium for 16 h, was used to construct a cDNA library. Phage plaques (15,000) from the cDNA library were hybridized with radiolabeled cDNA synthesized from RNA isolated from cultures resuspended in SLS (+ probe) or PMS (-probe) medium for 16 h. From this screening, a clone (CW3) that hybridized intensely with the + probe but did not hybridize with the -probe was identified. Total RNA isolated from mycelial mats resuspended in either SLS or PMS medium was analyzed by using CW3 as a radiolabeled probe. The Northern blot (Fig. 3) showed a 1.3-kb band of hybridization with the RNA from cultures grown on both media. In the cultures grown in SLS medium, the transcript was detected 8 h after the mycelia had been resuspended, reached maximum accumulation at 16 h, and continued at high levels for up to 48 h. The timing of the transcript accumulation correlated with that of aflatoxin accumulation in this medium (Fig. 2) . In the cultures grown in PMS medium, the hybridizing transcript appeared to decrease after the initial transfer of the mycelia to fresh medium but then increased slowly throughout the time period assayed. The transcript never accumulated in cultures grown in PMS medium to the levels observed in cultures from the SLS medium.
The nucleotide sequence of the 1.28-kb cDNA of clone CW3 is shown in Fig. 4 . An analysis of the sequence indicated 75% identity with the coding sequence of the ADH genes alcA and adh3 of A. nidulans (9, 16 (Fig. 6) .
Promoter analysis. To determine whether the increased level of adhl transcript resulted from higher transcriptional activity of the adhl gene or other factors such as transcript stability, we isolated the promoter region of adhl and fused it to a GUS reporter gene. The sequence of the 5' region of adhl is shown in Fig. 7 . This sequence contained a TATAA motif located 117 bp upstream of the 5' end of the cDNA. This promoter region (1 to 733 bp) was cloned into the GUS vector, GAP4, and the resulting construct, GAP5, was transformed into A. flavus WW-1. One transformant containing a single copy of GAP5 was selected and grown on SLS and PMS media. Also selected and grown was a transformant having a single copy of the promoterless vector, GAP4, and a transformant having a single copy of a fusion construct with the 1-tubulin gene (benA) promoter from A. flavus (GAP2). Transcripts of the benA gene do not accumulate significantly under growth conditions conducive to aflatoxin production (data not shown). Transformants containing the promoterless GUS construct (GAP4) expressed a low level of GUS activity in either PMS or SLS medium. In contrast, transformants containing either GAP2 or GAP5 expressed much higher levels of GUS activity. When grown on PMS medium, both the GAP2 and GAP5 transformants exhibited equivalent GUS activity, and the activity was 26 times that of the GAP4 transformant (Table 1) . GUS expression differed, however, between the GAP4 and GAP5 transformants when they were cultured on SLS medium. Whereas GUS activity of the GAP5 transformant was 7.6 times higher in SLS medium than in PMS medium, GUS activity of the GAP2 transformant was only slightly higher (1.5 times) in SLS medium than in PMS medium. The increased GUS activity of the GAP5 transformant in SLS medium over that in PMS medium indicates that SLS medium causes increased transcription from the adhl promoter. It further indicates that the increased level of adhl transcript in cultures grown in SLS medium (Fig. 3) is at least partially due to increased transcription of the gene.
DISCUSSION
In the present study we used differential screening to isolate a cDNA corresponding to a gene from A. flavus that was highly (9, 16) . Also, the predicted A. flavus ADHI protein sequence was similar to that of the A. nidulans proteins, and it contained conserved amino acids that have been hypothesized to be involved in the binding of substrate, coenzymes, and zinc in other ADHs (9, 11, 16 Aflatoxin production in culture has been shown to be strongly influenced by the type of carbon source used in the medium (13) . Several simple carbon sources have been shown to support aflatoxin biosynthesis, but the carbon sources that stimulate aflatoxin production the most are glucose, sucrose, and maltose. In contrast, more-complex carbon sources, such as peptone and oleic acid, support low levels of aflatoxin production. Buchanan et al. (3, 4) demonstrated that high levels of aflatoxins accumulate when A. parasiticus is transferred from PMS medium to medium containing either glucose or sucrose. These researchers also showed that cyclohexirmide and actinomycin D inhibited aflatoxin production under inducing conditions, indicating that transcriptional and translational processes are essential for aflatoxin biosynthesis. Skory et al. (22) recently showed that the transcription of genes (ver-1 and nor-i) involved in aflatoxin biosynthesis is induced within 7 h after transferring mycelia of A. parasiticus to a glucose-containing medium. Similarly, our analysis indicated that adhl transcript levels increased within 8 h after transfer of the mycelia of A. flavus to an aflatoxin-producing medium, correlating with the onset of aflatoxin accumulation. Furthermore, analysis of transformants harboring the adhl promoter-GUS fusion construct indicates that adhl transcription is activated by shifting the mycelia to an aflatoxin-inducing medium; GUS activity of protein extracts from cultures grown in SLS medium was 7.6 times that from the cultures grown in PMS medium.
The correlation between adhl expression and aflatoxin biosynthesis leads us to speculate that adhl is involved in carbohydrate metabolism when carbon, energy, and reducing power are needed for the biosynthesis of aflatoxin. The oxygen status of cultures during this period is not known; however, the induction of adhl transcription in A. flavus after being transferred to SLS medium suggests that the cultures may be undergoing alcohol fermentation. Even though these cultures were incubated with shaking, the mycelia clumped and filled the volume of the flask; these conditions almost certainly resulted in poor aeration. Buchanan et al. (3) reported that shortly after the transfer ofA. parasiticus to a glucose-containing medium, the cultures became strongly fermentative. As observed under electron microscopy, the mitochondria appeared to degenerate during this period. Furthermore, the activities of several tricarboxylic acid cycle enzymes were lower after the transfer. These data suggest that the cultures were capable of limited aerobic respiration at the onset of aflatoxin biosynthesis. Shih and Marth (20) also showed that anaerobic culture conditions resulted in higher levels of aflatoxin production than with aerobic conditions. They also showed that inhibition of aerobic respiration with sodium azide resulted in stimulation of aflatoxin biosynthesis. The conclusion drawn from the Shih and Marth study was that glycolysis is an important pathway driving the biosynthesis of aflatoxin. Buchanan et al. (3) also observed nearly the same degenerative responses of the mitochondria and tricarboxylic acid cycle enzymes when A. parasiticus was transferred to PMS medium. It is likely that the near-anaerobic conditions that occurred in SLS medium are also present in the PMS medium. The lack of induction of adhl transcription in A. flavus cultures grown in PMS medium is probably due to the lack of a readily fermentable carbohydrate in the medium.
The regulation of aflatoxin production in culture is influenced by a number of physiological and nutritional conditions. The molecular data presented in this report support the observations made by previous researchers that glycolysis is physiologically important under conditions conducive to aflatoxin biosynthesis. Our current hypothesis is that alcoholic fermentation may be important to maintain a flow of carbon through the glycolytic pathway under the near-anaerobic culture conditions that may be associated with aflatoxin biosynthesis. Of course, there is the possibility that the correlation of aflatoxin production and adhl induction is only an artifact of the culture conditions used and has nothing to do with aflatoxin biosynthesis. More 
